Received: June 2017, Accepted: October 2017 Background: Volatile organic compounds (VOC) are considered as major environmental contaminants that have a harmful effect on human and ecosystem health, so much effort has been focused on their removal. The aim of this study was to investigate the removal efficiency of styrene by Zeolite Socony Mobil-5 (ZSM-5) after immobilization of nanoparticles of zinc oxide (ZnO) on it. Materials and Methods: In this experimental study and in order to produce styrene, clean dry air with a constant flow rate of 1 l/minute was pumped into an impinger containing styrene solution which resulted in the evaporation of styrene. Produced vapors entered into the mixing chamber to be mixed with clean air. Produced styrene with certain concentrations of 20, 100 and 300 ppm was sent to a reactor containing ZSM-5/ZnO bed to investigate the effectiveness of the bed in the elimination of styrene. Results: This study focused on removal of styrene using ZnO nanoparticles stabilized on ZSM-5 Zeolite. The highest removal efficiency of styrene was 47.5% in concentrations of 20 ppm. For concentrations of 100 and 300 ppm, the efficiency was 22% and 12.5%, respectively. Conclusions: Both adsorption and catalytic mechanisms can be effective in removal of pollutants in different conditions. Findings related to adsorption and removal of styrene also showed that coating ZnO nanoparticles on zeolite absorbent in presence of ultraviolet (UV) has increased the removal efficiency.
Introduction
As volatile organic compounds (VOC) are considered as major environmental contaminants with a harmful effect on human and ecosystem health, much effort has been focused on their removal. For example, styrene is used extensively in the production of plastics and rubbers and many workers are exposed to harmful gaseous styrene in the workplace. Continuous exposure to small quantities of styrene has shown to have neurotoxic, hematological, cytogenetic and carcinogenic effects in humans (1, 2) . Thus, the threshold limit value recommended by the American Conference of Governmental Industrial Hygienists is only 20 ppm (1) (2) (3) . According to what was mentioned, removing these pollutants * from air and outlet air of styrene generator has considerable importance. There are several ways to reduce or eliminate polystyrene. In recent years photocatalytic oxidation in the gas phase has attracted much attention. Photocatalyst generally lowers the activation energy of the reaction and accelerates the breaking of organic substance molecules bond, and consequently increases the efficiency of the removal process (4) . In the case of photocatalysts, titanium dioxide (TiO 2 ) with no doubt has been the most widely studied material (5, 6) . However, zinc oxide (ZnO) has shown similar or sometimes even better photocatalytic activity than TiO 2 and considered as a very promising alternative. Moreover, ZnO is cheap, has low toxicity and can be produced by a variety of methods (7, 8) . Many studies have proved the complete destruction and mineralization of environmental pollution by ZnO nanoparticles (9, 10) . One of the outstanding features of ZnO is its wide band gap [3.37 electron volts (eV)] and large excitonic binding energy of 60 MeV at room temperature. These characteristics have turned ZnO to a promising material in electronics, solar cells, lightemitting devices, gas sensors, and photocatalysts (11) (12) (13) (14) (15) (16) . The most important restriction of the photocatalytic process is a low surface area causing efficiency reduction. Today this limitation is overcome by applying foundation to the high surface area and increasing the retention time. Thus, stabilization of ZnO nanoparticles onto the adsorbent will increase the efficiency and optical damage due to adsorption of organic molecules and enhancement of concentration and retention time of organic matters around the catalyst particles (17) . One of the adsorbents that have attracted a lot of attention, as the foundation for the catalyst, is zeolites. Zeolite is a Greek word meaning boiling stones. So far, more than 50 species of natural zeolites are known that clinoptilolite, hollandite, laumontite, modernize and phillipsite are the most important ones. In addition, more than a hundred species have been synthesized in the laboratory, among them, A, X, Y and Zeolite Socony Mobil-5 (ZSM-5) are widely used synthetic zeolites. They are crystalline and linked in all three directions to create a threedimensional structure that gives them a certain chemical and physical resistance. Zeolites with a broad surface could potentially be used for pollutant adsorption and catalytic reactions. Its active surface can accelerate the decay and destruction of large molecules. Zeolites have the ability to lose and gain reversible water and exchange some of the constituent elements without any major change in their own structure (18, 19) . ZSM-5 synthetic zeolite is part of pentasil family and has mordenite framework inverted (MFI) structure that consists of five rings. This kind of zeolite has high silica levels (Si/Al > 5) which makes it more non-polar. According to the features that were mentioned for zeolites, this adsorbent is known as one of the best foundations for nanoparticles, including ZnO. Researches have shown that if nanoparticles (semiconductors or metals) enter into the pores of porous materials, the newly formed material will undoubtedly have some of the unique properties of nanoparticles and porous material simultaneously (20) . The results of the study by Mohamed et al. indicated that photodegradation of ethylenediaminetetraacetic acid (EDTA) by impregnation method is much better than that of solid-solid interaction method (21) . Considering the destructive effects of VOC compounds on human and environment, reducing and controlling these substances seems to be necessary. Therefore, the main purpose of this study was to determine the efficiency of ZnO nanoparticles coated on ZSM-5 for the removal of styrene vapor from the polluted air.
Material and Methods
ZSM-5 zeolite used in this investigation had a particle size of 0.5 to 1 mm and Si/Al ratio of 40. It was made in China and purchased from Iran zeolite store. Styrene (purged more than 99.98) and ZnO nanoparticles with a size of 10 to 20 nm (USA) was respectively purchased from Merck (Germany) and Iranians Nanomaterials Company. 
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X-ray diffraction was collected by X-PERT PRO MPD X-ray powder diffractometer operated at 35 kV and 25 mA, using Cu K radiation (lambda = 1.5418À). The intensity data were collected in a 2 range from 1 ° to 80 °. The surface morphology of the adsorbents was observed by employing scanning electron microscope (SEM). The Brunauer, Emmett and Teller (BET) specific surface area of the samples was measured by N2 adsorptiondesorption isotherms at 77 K using Quantachrome ChemBET instrument (USA). This study was carried out by an experimental set up for generating the known styrene vapors concentrations at 20, 100 and 300 ppm. A simple schematic of the system used in this study is shown in figure 1 . In order to provide inlet air, a pump with 51 W power and pressure of 11.147 mmHg (manufactured by Hitachi Ltd) was used. The container with activated carbon and silica gel bed was also used to remove inlet air humidity and volatile impurities. Then, the inlet air entered the humidification and concentration system. In order to produce styrene, clean dry air with a constant flow rate of 1 l per minute was pumped into an impinger containing styrene solution which resulted in evaporation of styrene. Produced vapors entered into the mixing chamber. After mixing with humidity and clean air, produced styrene with certain concentrations was sent to a reactor containing ZSM-5/ZnO bed. The reactor used in this study was designed for ZSM-5 zeolite with a particle size of 0.5 to 1 mm. This cylindrical reactor was made of quartz glass to allow passage of ultraviolet (UV) radiation, and had 28 cm length, 22 mm diameter and 2 mm thickness. Input and output of reactor were in the opposite direction within 2 cm of cylinder ends, so that an 8-W UV lamp could be placed in the core of the reactor and three 6-W bulbs on the outside of the reactor. The distance between the UV lamp and cylinder was 3 mm and the distance between the external lamps and cylinder outer surface was 5 cm. The concentration of styrene in the output of equalizer chamber at 5-minute intervals was measured and recorded by direct reading of Phocheck Tiger (5000, Ion Science Inc, UK) which works with photoionization detector (PID) method. In order to ensure the reliability of obtained data, each of the measurements was repeated at least three times. To ensure the accuracy of the measured data, some of the concentrations were re-measured by gas chromatography (GC) (Philips Unicam, PU 4410, Netherlands) equipped with flame JOHE, Autumn 2017; 6 (4) ionization detector (FID) which showed no significant difference. STOE-STADV device (Japan) was used to record X-ray powder diffraction (XRD) pattern and to ensure the formation of ZSM-5 and ZnO zeolite phase. The wavelength of the device with 40 kV and 40 mA generator was 1.54 Å. Zeolite samples were scanned at 2θ between 1° to 80°. Quantachrome ChemBET was used to investigate the adsorptiondesorption isotherm of N2, to determine the specific surface area and pore size. In this method, the specific adsorption level was calculated by measuring the pressure of nitrogen gas injected into the objects. Evaluation of products morphology and estimation of particle size was done by SEM microscope (Hitachi S3500, Hitachi, UK) with the accelerating voltage of 15 kV. To locate ZnO nanoparticles on the ZSM-5, with the weight percent (wt%) of 5%, a certain mass of ZnO was weighted by laboratory scale (accuracy of ten thousand) and poured into the erlen. Then, it was placed on ultrasonic devices for 30 minutes to create a uniform suspension. In the next step, a certain mass of zeolite was added to a suspension containing nanoparticles before putting it in a shaker for 12 hours continuously in order to get a complete mixture and have the ZnO nanoparticles stabilized on the surface and pores of zeolite. The resulted mixture was filtered by filter paper and dried at 80 °C. For calcination, it was placed in the oven for 2 hours at 450 °C. The results from BET and Barrett-JoynerHalenda (BJH) tests showed that the ZSM-5 bed had a surface area of 356. 4 The images obtained from ZSM-5 and ZSM-5/ZnO bed is shown in figure 3 . According to the SEM image of the ZSM-5/ZnO bed, ZnO particles were dispersed uniformly on the zeolite, demonstrating the successful stabilization of nanoparticles on the ZSM-5. In this study, 5% ZnO was coated on the zeolite. In order to investigate the effect of UV on photocatalyst adsorption and removal process, the styrene vapor reduction in ZSM-5 bed was compared with ZSM-5/ZnO bed in a concentration of 100 ppm and flow rate of 1 l/minute. As indicated in figure 4 , when the UV lamp was off, the styrene vapor adsorption in ZSM-5 zeolite and ZSM-5 coated with ZnO nanoparticles was 98% in the first 60 and 50 minutes of the test, respectively, and reached zero in the 240 th minute. On the other hand, when the UV lamp was on, the reduction of styrene in the first 75 minutes of the test was 98%, and after 230 minutes reached 22% at a constant rate and remained constantly on average 21% up to 360 minutes. According to the statistical test (paired t-test), the removal amount of photocatalyst adsorption and removal process had significant differences in concentration of 100 ppm and flow rate of 1 l/minute. This suggests that UV lamp imposed its photo degeneration effect on the process and increased the effectiveness. The optimum conditions of styrene removal efficiency were in the concentration of 20 ppm. Differences in the input and output concentrations in the adsorption and removal process can be attributed to the photocatalytic degeneration. 
Results
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Photocatalytic activity of reactor containing 2 g of ZSM-5/ZnO was examined by measuring the photocatalytic degradation of styrene in three different concentrations of 20 ppm, 100 ppm, and 300 ppm. As can be seen in figure 5 , increasing in concentration resulted in a reduction of removal amount. Therefore, by increasing the concentration from 20 ppm to 300 ppm, styrene removal efficiency decreased from 47.5% to 13% on average,
showing the relatively good performance of the bed at low concentrations and its poor performance at high concentrations. The average removal rate of styrene in concentrations of 100 ppm was 22%. The results of this study showed that the adsorption and removal efficiency of styrene have been increased by stabilization of ZnO nanoparticles on the zeolite bed and the use of UV light. 
Discussion
In this study, 5% ZnO was coated on the zeolite. The same weight ratio is achieved as the optimal amount in other researches conducted in this area. In a study by Chen et al. to remove trichloroethylene from the air by the ZnO/aluminum oxide (Al2O3) catalyst, the optimal wt% of active metal was achieved 5% in the catalyst (22) . Rostami et al. studied the optimal amount of copper oxide nanoparticles on the zeolite in the removal of benzene, toluene, and xylenes (BTX) compounds from the air and obtained 4.62% wt (23) .
The results of this study showed that the adsorption and removal efficiency of In this study, the removal of styrene was investigated by ZSM-5/ZnO catalyst in two stages of on/off UV. As shown in figure 5 , the use of UV light has greatly increased the removal efficiency in the ZSM-5/ZnO catalyst. UV radiation with energetic photons can dissociate oxygen and water into oxygen species and hydroxyl radicals (•OH), which are highly active for VOC oxidation (25).
The results of the styrene removal showed that by increasing the styrene concentrations the removal efficiency is reduced. Thus, it can be concluded that the lower removal rates at higher concentrations show a decline in the photodegradation response rate in higher concentrations. Many similar studies have achieved similar results by comparing the impact of the concentration on photocatalytic removal efficiency. For example, Rangkooy et al. in a study on photocatalytic removal of formaldehyde from air, using ZnO nanoparticles immobilized on bone char, suggest the same results (26). Studies have shown that with increasing concentration, a larger mass of styrene is removed from the air in a unit of time. Therefore, the breakthrough and saturated point adsorber are reduced (27, 28) . On the other hand, by increasing the concentration in comparison to the number of molecules or the pollutants in comparison to the number of active places on the surface, the catalyst increases, and due to the increase in the speed of propagation and speed of penetration into the pores of the catalyst, absorption would occur faster. As a result, complete saturation of adsorption places on the surface of the catalyst occurs within a shorter time (29) . Furthermore, the results of the current study showed that the rate of adsorption process enhanced by increasing the styrene concentration. The reason would be a large number of gas molecules that increase their possibility of transmission and connection with the adsorbent surface. That is why ZSM-5 zeolite has reached the point break earlier by increasing the styrene concentration at a constant flow rate. Asilian et al. studied the removal of styrene from the air by natural and modified zeolite, concluded that the concentration has a significant impact on adsorption (30) .
Conclusion
Both of the adsorption and elimination mechanisms can affect contaminant removal efficiency in different conditions. In the case of ZSM-5 without nanoparticle, the dominant mechanism was adsorption. But in the presence of nanoparticles and UV light, the removal mechanism was dominant. It can be concluded from this study and similar studies that there is an optimal state compatible with the photocatalytic reaction conditions where, according to the amount of photocatalyst, UV radiation rate and intensity, temperature, humidity and other factors, the photocatalytic reaction reaches its maximum value. This optimum state depends on the type of adsorbent, so it should be examined for every situation. Further studies should be focused on designing experiments to be able to build a numerical model of conditions with a minimal number of samples, by obtaining detailed information about the light intensity, the amount of catalyst and other effective factors. 
